Although diverse effects of volatile anesthetics have been investigated in various studies, the mechanisms of action of such anesthetics, especially sevoflurane, remain elusive. In contrast to their potent modulation of inhibitory synaptic transmission there is little information about their effects on excitatory transmission in the brain. In this study, we examined the effect of sevoflurane on the excitatory synaptic transmission at CA1 synapses in hippocampal slices of mice. Sevoflurane at 5% was mixed with 95% O 2 and 5% CO 2 and bubbled in artificial cerebral spinal fluid (0.69 mM). Extracellular recordings of the field excitatory postsynaptic potential (fEPSP) and presynaptic fiber volley (FV) were made at physiological temperature. In addition, fluorescent measurements of presynaptic Ca 2+ transients were performed while simultaneously recording fEPSP. Application of sevoflurane reduced the amplitude of fEPSP (45 ± 8%, n = 5). This effect was accompanied by concurrent enhancement of the paired-pulse facilitation of fEPSP (127 ± 5%, n = 12), suggesting a possible presynaptic site of action of sevoflurane. The amplitude of FV was not significantly affected (102 ± 5%, n = 5). In contrast, fluorescent measurements revealed that presynaptic Ca 2+ influx was suppressed by sevoflurane (69 ± 5%, n = 7), as was simultaneously recorded fEPSP (44 ± 5%, n = 7). Our results suggest that sevoflurane potently suppresses excitatory synaptic transmission via inhibition of presynaptic Ca 2+ influx without affecting presynaptic action potentials.
Although countless patients have undergone surgery under general anesthesia, the mechanisms of anesthetics, especially volatile anesthetics, have not been well clarified. Until the 1980s, nonspecific, that is "lipoidbased" anesthetic theory was based on the MeyerOverton correlation (22) . This theory holds that the lipids of nerve membranes are the principal anesthetic target sites. After the 1980s, a new theory has become popular based on some examples that did not obey Meyer-Overton correlation (5, 13) . This theory suggests that signaling proteins are the target sites of anesthetics. However, signaling proteins include ion channels, receptors, intracellular pathways and so on. Accordingly, the exact action sites of anesthetics are still controversial. With regard to the ion channels, there is little information about the effect on excitatory transmission such as that through voltage-gated channels, although the contribution of GABA A receptors has been explored (4, 7) . Sevoflurane, one of the recent representative volatile anesthetics, was developed in Japan and has been available worldwide since the 1990s (3) . The safety and efficacy of this anesthetic are well established and many studies have been conducted to define its effects precisely in different patient populations and organ systems (2) . In the central nervous system, sevoflurane is a cerebral vasodilator and has shown anesthetic preconditioning potential in animals, which suggests that it may have neuroprotective properties (21) . On the other hand, neonatal exposure to sevo-ethylene tubes were used as circuits for bubbling sevoflurane in ACSF and for delivering ACFS to minimize the loss of volatile anesthetics. To determine the actual aqueous concentrations of sevoflurane in the submerged recording chamber, samples of ACSF containing sevoflurane were taken from the recording chamber with airtight syringes, and the concentrations of sevoflurane were measured using gas chromatography. Fig. 1 shows the relationship between aqueous and gas concentrations of sevoflurane in our experimental conditions. Sevoflurane at 0.5, 1.5, and 5.0% was equivalent to 0.06, 0.22, and 0.69 mM (n = 5 for each), respectively, and this relationship had a positive correlation calculated (r = 0.99848).
Electrophysiology. Hippocampal slices in the recording chamber were continuously perfused with ACSF saturated by the carrier gas at 2 mL/min with the above delivery system. The glass recording electrodes were pulled with a micropipette puller (Sutter Instruments P-97/IVF), and were shaped with a tip diameter of 10 μm. For extracellular recording in CA1 synapses, the tips of both stimulating and recording electrodes were placed on the middle of the stratum radiatum in the CA 1 region, and were submerged at a depth of 200 μm from the surface of the slice. Electrical stimuli of 100 μs duration were given every 10 s. All field recordings were made at 35 ± 1°C to examine the effect of sevoflurane under physical conditions. Most previous studies examining flurane at a higher concentration causes alterations in the hippocampal synaptic plasticity that persists into adulthood in rats (12) . This indicates neurotoxicity for the developing brain. However, there have been few studies on its mechanism of anesthesia (20) . Accordingly, in this study, we aimed to clarify the effect of sevoflurane on the excitatory transmission in the brain by using mouse hippocampal slices. First, the effect of the amplitude of the field excitatory postsynaptic potential (fEPSP) was evaluated. Second, variations of the paired-pulse ratio (PPR) were studied. Third, the amplitude of the presynaptic fiber volley (FV) was measured. Finally, fluorescent measurements of presynaptic Ca 2+ transients were performed while simultaneously recording fEPSP.
MATERIALS AND METHODS
Animals and slice preparations. C57BL/6J mice of both sexes were used in the present study. They were treated according to the guidelines for the care and use of laboratory animals of Hokkaido University. Transverse hippocampal slices were prepared from 9-to 37-day-old mice as described previously (11, 23) . Animals were anesthetized with diethyl ether and the brain was dissected out in an ice-cold sucrose solution containing the following (in mM): 40 NaCl, 25 NaHCO 3 , 10 glucose, 150 sucrose, 4 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , and 7 MgCl 2 . The bilateral hippocampi were cut into transverse slices 400 μm thick by using a Super Microslicer Zero 1 (D. S. K; Dosaka-EM, Tokyo). Then the sucrose-containing solution was replaced with artificial cerebrospinal fluid (ACSF) containing the following (in mM): 127 NaCl, 1.5 KCl, 1.2 KH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 2.4 CaCl 2 , and 1.3 MgCl 2 . The hippocampal slices were incubated for 1 h in the above solution at 30°C, and were kept in an interface-type chamber saturated with 95% O 2 and 5% CO 2 at room temperature.
Application of sevoflurane and measurement of concentration in ACSF. Sevoflurane was vaporized through a calibrated commercial vaporizer (Sevotec 3; Ohmeda, BOC Health Care). Sevoflurane at 5% was mixed with a carrier gas containing 95% O 2 and 5% CO 2 , and was bubbled in ACSF for at least 20 min. The gas concentration of sevoflurane was continuously measured with a multi-gas monitor (Narcotica; Fukuda Denshi, Tokyo). ACSF with or without sevoflurane was delivered to the recording chamber using a gravity-feed and vacuum system (Perista Pump SJ-1211; Bioinstrument ATTA). Poly- Fig. 1 The aqueous concentrations of sevoflurane in ACSF. ACSF containing sevoflurane at concentrations of 0.5%, 1.5%, and 5% was sampled from the recording chamber, and the aqueous concentrations of sevoflurane were measured using gas chromatography (n = 5 each). The aqueous concentrations were calculated by comparison to that of standard solution containing sevoflurane at 1.0 mM. A linear curve fit was applied.
periment in a control study.
Fluorescence measurements of presynaptic Ca
2+ influx. Fluorescence recordings of presynaptic Ca 2+ influx at the presynaptic terminals of the Schaffer collaterals in the hippocampal CA1 region were made as described previously (9) . A membrane-permeable fluorescent calcium indicator, Oregon Green 488 BAPTA 1 AM (OGB-1 AM), was focally injected near the stimulating electrode in the stratum radiatum layer of hippocampal area CA1. Then, OGB-1 was loaded to presynaptic terminals via axonal transport by Schaffer collaterals, resulting in selective labeling of the axons and presynaptic terminals (injection loading technique). The fluorescence intensity (excitation at 510-560 nm and monitoring above 580 nm) from the area (100 μm diameter) containing the labeled terminals was measured as a voltage transient with a single photodiode (S2281-01; Hamamatsu Photonics, Hamamatsu, Japan), and the fEPSPs from the same area were monitored simultaneously. The ΔF/F value evoked by a single electrical stimulus was used as a measure of the [Ca 2+ ]i increase during an action potential. Subtraction of the background fluorescence was not performed because the fluorescence of the unlabeled regions of the slices at this wavelength was negligible. No attempt was made to relate the ΔF/F value to peak [Ca 2+ ]i because our methods detected the fluorescence signals not only from the active zone of the presynaptic terminals but also from the axons of Schaffer collaterals, and we could not estimate the relative contribution to the total signals. Accordingly, we measured the volume-averaged intensity of fluorescence loaded in the labeled area containing presynaptic terminals and axons in the stratum radiatum layer. The output of the photodiode was I-V converted, amplified, and filtered at 500 Hz with an eight-pole Bessel filter (FLA-1; Cygnus Technology, Delaware Water Gap, PA). The signal was then digitized with a 12 bit analog-to-digital converter (Digidata 1200A; Axon Instruments, Foster City, CA) and acquired at 10 kHz using pClamp 10 software (Molecular Devices).
Data analysis. All data were acquired and analyzed using pClamp 10 software (Molecular Devices). Data in the text and figures are expressed as mean ± SEM. Statistical analysis was performed using the paired t test unless otherwise noted, and P < 0.05 was considered statistically significant. the mechanisms of anesthetics were conducted at room temperature. Therefore, we decided to examine the effects of sevoflurane on neurotransmission at a higher temperature to confirm them in the physiological condition of a living body. Only fluorescent measurements of presynaptic calcium influx were tested at 25 ± 1°C because fluorescent signals hardly stabilized at the higher temperature while recording. ACSF was perfused through a warmer (T-324B; Warner Instruments Corporation) set near the recording chamber and the desired temperature was maintained automatically.
Measurement of fEPSP.
At the beginning of this study, we examined suppression of fEPSP by sevoflurane at a level similar to that used under our experimental conditions. We tested fEPSP with a single subthreshold stimulation so that it did not merge with the population spike, an electrical activity of pyramidal cells in the CA1 region. After the baseline setting of fEPSP stablilized, sevoflurane was applied to the hippocampal slice for 20 min, and the change of the amplitude of fEPSP was recorded through the washout phase. The amplitude of fEPSP of the control was aligned at around 1 mV.
Measurements of paired-pulse ratio (PPR) of fEPSP.
Depression of fEPSP could involve both presynaptic and postsynaptic mechanisms such as a decrease of neurotransmitter release or downregulation of postsynaptic receptors. The variations of PPR after application of sevoflurane were studied to confirm whether the inhibition of excitatory neurotransmission by sevoflurane involved presynaptic actions. We tested PPR with paired electrical stimulations with a 50 ms interval. PPR was calculated by dividing second fEPSP amplitudes by first fEPSP amplitudes.
Measurements of presynaptic FV. We measured presynaptic FV by loading Ca 2+ -free ACSF containing the following (in mM): 127 NaCl, 1.5 KCl, 1.2 KH 2 PO 4 , 26 NaHCO 3 , 10 glucose, and 3.7 MgCl 2 . Using Ca 2+ -free ACSF can easily isolate FV from the fEPSP without applying any glutamate receptor blocker such as CNQX or AP5. The amplitude of FV was measured as the difference between the initial positive peak and the following negative peak. Field potential was filtered at 2 kHz and digitized at 20-40 kHz for measurement of FV. To confirm that the precise measurement of the spikes reflected nothing but FV, 1 μM tetrodotoxin (TTX), a sodium channel blocker, was applied at the end of the ex-changed.
Five percent sevoflurane inhibited presynaptic Ca

2+
influx while suppressing simultaneously recorded fEPSP Five percent sevoflurane suppressed presynaptic Ca
influx to 69 ± 6% of the baseline level and fEPSP to 44 ± 2% of the control level (Fig. 5) . The relationship between the amplitude of fEPSP and the Ca 2+ concentration was nonlinear and could be fitted by the equation: Y = X m (10, 27). Our data showed that m was 2.3.
DISCUSSION
Our findings in this study can be summarized as follows. First, sevoflurane reversibly suppressed the amplitude of fEPSP. Second, this effect was accompanied by an increase in PPF. Third, the amplitude of presynaptic FV was not significantly affected by sevoflurane. Fourth, fluorescent measurements revealed that Ca 2+ influx into the presynaptic terminals was strongly suppressed by sevoflurane, with simultaneous suppression of fEPSP.
RESULTS
Sevoflurane at 5% reversibly inhibited field EPSP with an increase in PPR
Application of sevoflurane at 5% (0.69 mM) significantly suppressed the amplitude of fEPSP to 45 ± 8% of the control level (Fig. 2) . Suppression of fEPSP reached a balanced value in about 10 min, and was entirely recovered 20 min after the washout of sevoflurane. PPR was recorded with a pair of electrical stimulations with a 50 ms interval, and sevoflurane increased paired-pulse facilitation (PPF) to 127 ± 5% of the control level (Fig. 3) . This effect was also reversible, the same as the suppression of the amplitudes of fEPSPs.
Presynaptic fiber volleys were not changed by application of 5% sevoflurane
We tested the effect of sevoflurane at 5% on presynaptic Na + channels in the hippocampal CA1 region. In our study, the amplitude of the presynaptic fiber volley was not significantly affected by application of 5% sevoflurane (to 102 ± 5% of the control value) (Fig. 4) . The latency of the fiber volley was also un- transmission by acting at presynaptic sites regardless of their kinds. FV in Schaffer collateral fibers represents a summation of closely timed multiple action potentials (26) . In our study, the amplitude of FV was not significantly affected by application of 5% sevoflurane. As far as we know, there seem to be no studies evaluating the effect of sevoflurane on FV. However, one study reported that isoflurane dose-dependently depressed FV in small unmyelinated fibers in the hippocampal CA1 region, whereas the effect on myelinated fibers was small (1). Another study evaluated the relation between the excitatory postsynaptic current (EPSC) induced by whole-cell voltage clamp and presynaptic action potential at a calyx-type synapse in the rat brainstem (28) . In that study, isoflurane at 0.35-1.05 mM reduced the EPSC and the inhibition of the presynaptic action potential contributed to 62-78% of its inhibition (28) . Moreover, in a study using rat hippocampal slices, halothane (1.2 vol%) produced an 18% depression of FV amplitudes in Schaffer-collateral fibers (19) . On the other hand, isoflurane at 0.35 mM depressed EPSP by ~60% and increased PPF by ~20% without deFew studies have evaluated the effect of sevoflurane on fEPSP and PPR. One reported that sevoflurane dose-dependently diminished fEPSP in the CA1 stratum radiatum of the mouse hippocampus and that the calculated IC 50 value was 0.57 mM (6) . In our study, application of sevoflurane at 0.69 mM significantly suppressed the amplitude of fEPSP to 45 ± 8% of the control level. Accordingly, this result is compatible with the previous study. In another study, the effect of sevoflurane on population spikes and PPF in two synaptic pathways (Schaffer collateral fibers-CA1, and performant path-dendate gyrus [DG]) were evaluated in rat hippocampal slices (8) . In that study, sevoflurane (0.4-5.0 vol%) significantly decreased the amplitudes of population spikes of CA1 and DG in a dose-dependent manner. At 2.0 vol% it significantly enhanced PPF from 127% and 263% to 153% and 494% in CA1 and DG, respectively. In another study, halothane and isoflurane depressed fEPSP accompanied by an increase in PPF (15) , which is known to increase after manipulations that reduce calcium-mediated glutamate release from Schaffer-collateral fibers (15) . Accordingly, it is suggested that volatile anesthetics depress excitatory 2+ influx and fEPSP. Sevoflurane at 0.69 mM inhibited presynaptic Ca 2+ influx (to 69% ± 6%, P < 0.02, n = 7), and simultaneously recorded fEPSP (to 4% ± 2%, P < 0.01, n = 7). CNQX, a non-NMDA glutamate antagonist was applied to rule out nonspecific labeling of the postsynaptic component.
duced calcium-dependent glutamate release in a dose-dependent manner without a significant change in free cytosolic calcium (25) . Accordingly, whether volatile anesthetics inhibit VGCCs also remains controversial, although our study using another methodology for mouse hippocampal slices indicated the contribution of VGCCs. A limitation of this study is that we examined only one high concentration (5%) of sevoflurane. Accordingly, dose-dependent and low concentration effects should be evaluated as the next step. Second, we used hippocampal slices as a model of excitatory transmission. The hippocampus is known to be the main location of memory in the brain (17) . It is important to inhibit memory to prevent intraoperative awareness. Accordingly, amnesia is one of indispensable components of anesthesia. However, memory and consciousness are different (17) . Recently, it was reported that consciousness is related to the default mode network (24) , which is one of 6 widely distributed resting state networks identified by electroencephalopathy and functional magnetic resonance imaging (16) . The default mode network includes the posterior cingulate cortex/precuneus, medial prefraontal cortex, and so on (24) . Accordingly, it may be more proper to examine such areas. Third, our and previous findings strongly suggest that volatile anesthetics inhibit fEPSP by targeting presynaptic parts of synapses. However, it is still controversial whether they inhibit axon conductance and VGCCs. We could not clarify the causes of the differences between our study and previous studies with opposite results. Additional studies will be necessary to evaluate these. In conclusion, our study suggests that sevoflurane suppresses excitatory synaptic transmission in the presynaptic terminals, like other volatile anesthetics. This may be related to the inhibition of presynaptic calcium influx without modulating action potentials. However, further study will be necessary to confirm the mechanism. REFERENCES pression of FV amplitudes in rat hippocampal slices in response to Schaffer-collateral fiber stimulation (26) . Thus, whether volatile anesthetics inhibit FV, that is axon conductance, seems to still be controversial. However, our finding that FV was not significantly affected by sevoflurane suggested that sevoflurane may suppress neurotransmission by affecting downstream steps of depolarization in axons. Ca 2+ ions inflated through presynaptic voltage-gated Ca 2+ channels (VGCCs) activate the presynaptic vesicles for exocytosis of neurotransmitters, leading to the occurrence of fEPSPs. It is extremely difficult to examine presynaptic Ca 2+ influx into minute synaptic terminals including hippocampal synapses because of the requirement for an advanced technique like the presynaptic patch clamp. Wu et al. studied the presynaptic Ca 2+ influx with the presynaptic patch clamp technique in a large, atypical calyx-type synapse in the medial nucleus of the trapezoid body in the rat brainstem (28) . However, no studies have reported on presynaptic Ca 2+ influx in hippocampal synapses. Accordingly, we studied the presynaptic Ca 2+ influx in the hippocampal CA1 region by employing fluorescence measurements of presynaptic Ca 2+ influx (11) . This technique can measure not only Ca 2+ influx, but also evaluate fEPSP simultaneously. Our study demonstrated that Ca 2+ influx into the presynaptic terminals was strongly suppressed by sevoflurane with simultaneous suppression of fEPSP and that the estimated value for the exponent m was 2.3. In a report that evaluated these relationships with the same technique using guinea-pig CA1 synapses, the exponent m was 3.5 when applying cadmium to block VGCC (27) . The slight difference in the m value may be due to different affinities and concentrations of indicators within terminals as well as the different ages and species of the animals (11). We hypothesize that sevoflurane may inhibit VGCC based on our study. This accords with a previous report, using guinea pig cerebrocortical synaptosomes, demonstrating that isoflurane, enflurane and halothane depress K + -depolarization-induced increases in presynaptic [Ca 2+ ] and glutamate release in a dosedependent fashion (18) . The study concluded that these anesthetics decreased presynaptic [Ca 2+ ] in a manner consistent with Ca 2+ entry, possibly via VGCCs. However, a later study using rat cerebrocortical synaptosomes reported that isoflurane reduced the calcium-dependent glutamate release evoked by membrane depolarization with 4-aminopyridine without a significant change in free cytosolic calcium (14) . Moreover, another study using rat cerebrocortical synaptosomes demonstrated that sevoflurane re-
